In order to realize applications of hydrogen-adsorbed graphene, a main issue is how to control hydrogen adsorption/desorption at room temperature. In this study, we demonstrate the possibility to tune hydrogen adsorption on graphene by applying a gate voltage. The influence of the gate voltage on graphene and its hydrogen adsorption properties was investigated by electrical transport measurements, scanning tunneling microscopy, and density functional theory calculations. We show that more hydrogen adsorbs on graphene with negative gate voltage (p-type doping), compared to that without gate voltage or positive gate voltage (n-type doping). Theoretical calculations explain the gate voltage dependence of hydrogen adsorption as modifications of the adsorption energy and diffusion barrier of hydrogen on graphene by charge doping.
3 hydrogen adsorption was characterized by electrical transport measurements and scanning tunneling microscopy (STM) and spectroscopy (STS). Adsorption energy variation of hydrogen of graphene with doping was simulated by density functional theory (DFT) calculations. The experimental results show an increase of hydrogen adsorption on graphene with negative gate voltage. This was theoretically explained as an increase of adsorption energy of hydrogen on graphene due to p-type doping.
Methods

2.A. Samples.
Graphene field effect transistor samples were prepared as follows. First, graphene flakes were transferred from a graphite piece to a SiO2 (300 nm) / Si substrate by the scotch tape method. Two Au (45 nm) / Ti (5 nm) electrodes were fabricated on a selected graphene flake by electron beam lithography and thermal evaporation. Resist on samples for lithography was removed by soaking in acetone for 14 hours and rinsing in isopropanol for 3 min. Raman spectroscopy showed that graphene flakes are 2-3 layers thick, and do not have a D peak related to defects (not shown here). Samples were then introduced into an ultra-high vacuum chamber equipped with a hydrogen cracker (Tectra), a residual gas analyzer (Stanford Research Systems), and an STM (RHK technology). The pressure of the vacuum chamber was measured by an ionization gauge which was calibrated for N2. The vacuum chamber has a base pressure of 3×10 -10 mbar, which rises to ~1×10 -9 mbar with the hydrogen cracker running. We have verified by residual gas analysis that the main contribution to this increase is due to hydrogen, and among the other gases, the one with the largest partial pressure was CO with 1.4×10 -10 mbar. Samples were heated at 500 K for 14 hours to further remove residues of resist from lithography. By STM it was confirmed that the graphene surface was clean.
2.B. Hydrogenation.
For the hydrogenation experiments, the samples were exposed to atomic deuterium. While we generally refer to hydrogen throughout the paper, we specify the use of deuterium whenever relevant. D2 gas was introduced from a gas bottle with purity higher than 99.8% to the vacuum chamber through a variable leak valve, and dissociated to atomic D by the hydrogen cracker. The hydrogen cracker consists of a tungsten capillary which is heated to 2000 K by electron bombardment. The sample was placed in front of the outlet of the hydrogen cracker, with a distance of 9 cm. The exposure time was controlled by a shutter between the hydrogen cracker and the sample. 23 After atomic deuterium exposure, the shutter and the variable leak valve were closed, the hydrogen cracker was turned off immediately, and the pressure of the vacuum chamber decreased to the base value within 1 min. Then the samples were characterized in the same UHV chamber by in-situ electric transport measurements and STM, without exposing the samples to air. Atomic deuterium exposure, electric transport measurements, and STM were performed at room temperature.
2.C. Simulations.
First-principles total-energy-and-forces simulations are based on DFT, as implemented in the Quantum-Espresso 24 suite of codes. The exchange and correlation functional was expressed by using the van der Waals density functional (vdW-DF2)
formulation, 25 and the spin degrees of freedom were treated within the local spin density approximation. The electron ion interactions were described by using ultrasoft pseudopotentials of Vanderbilt's type. 26 Single particle electronic wave functions (charge)
were expanded in a plane wave basis set up to an energy cutoff of 28 Ry (280 Ry 
Experimental Results
The carrier concentration and therefore the charge doping in the graphene devices were controlled by a back gate. The induced charge is estimated by treating the graphene as one plate of a parallel plate capacitor, and the back gate (the highly doped Si substrate) as the other. Here, the dielectric between the two plates is the 300 nm-thick layer of SiO2 with ɛ  3.9, which gives a capacitance per area of C = 11.5 nF/cm Figure 1 shows that before atomic deuterium exposure, the CNP is located at about +10 V. This initial p-type doping of the graphene is probably due to charge transfer from the SiO2 substrate and/or impurities between the graphene and the SiO2 substrate. 28 
FIG. 1. (Color online) Resistance of graphene as a function of gate voltage before (black) and after (red) atomic deuterium exposure. Atomic deuterium was exposed on graphene with (a) Vh = 0 V, (b) +30 V, (c) -20 V, and (d) -30 V for 5 s.
Atomic deuterium was exposed to graphene for 5 s, while the graphene was grounded and a gate voltage Vh was applied to the Si substrate. Before and after each hydrogenation step, we performed electric transport measurements in order to measure the change in charge density and resistance of graphene caused by deuterium adsorption. Figure 1 shows the resistance of graphene as a function of gate voltage before and after atomic deuterium exposure for different
Vh during atomic deuterium exposure. As already mentioned, in the initial condition the graphene is p-doped. After atomic deuterium exposure, for any value of Vh, VCNP had shifted to more negative values. This n-doping of graphene is attributed to deuterium adsorption, being hydrogen an electron donor for graphene. 29, 30, 31, 32, 33 The magnitude of the VCNP shift depends on Vh. The VCNP shift was found to be -20 V, -8 V, -1 V, and -1.5 V for Vh = -30 V, -20 V, 0 V, and +30 V, respectively. This suggests that for negative Vh, more deuterium adsorbed on graphene, and more n-doping occurred, compared to the cases with zero or positive Vh. After atomic deuterium exposure, the resistance at VCNP increased slightly, indicating the presence of charge scattering centers induced by adsorbed deuterium.
We repeated these measurements on 4 different samples, in order to check the reproducibility of the Vh dependence. Figure 2 shows the resulting VCNP shift as a function of Vh. All samples showed the same trend, independent of their thickness (2 or 3 layers), i.e. the VCNP shift is larger with negative Vh compared to the cases with zero or positive Vh.
FIG. 2. (Color online) VCNP shift by atomic deuterium exposure as a function of Vh. The colors correspond to data from 4 different samples.
In order to evaluate the stability of the adsorbed deuterium, after atomic deuterium exposure due to the initial deuterium adsorption. In conclusion, under the experimental conditions employed here, deuterium desorption can be neglected, and the adsorbed deuterium can be considered stable at room temperature.
FIG. 3. Time evolution of the VCNP position after atomic deuterium exposure with (square) Vh = +30 V and (circle) -30 V. The sample was kept in vacuum with gate voltage = 0 V.
The changes in the VCNP and resistance of graphene by atomic deuterium exposure can be reset by heating the sample at 600 K for 2 hours. This indicates thermal desorption of the adsorbed deuterium. Thermal desorption spectroscopy has shown that 600 K is high enough to desorb hydrogen dimers from graphite. 34, 35 This suggests that the changes in VCNP and resistance of graphene by atomic deuterium exposure with gate voltage are reversible and are not due to any irreversible variation of the graphene structure such as creation of carbon vacancies.
We measured STM images of the graphene devices before and after atomic deuterium exposure.
The results are shown in Fig. 4 . The honeycomb lattice of graphene and the random corrugation of the SiO2 substrate with an amplitude of approximately 1 nm and a periodicity of 10 nm were observed. However, even on the sample exposed to atomic deuterium with Vh = -30V, shown
in Fig. 4(b) , we could not find any structure which we could clearly attribute to deuterium. This Although we could not resolve individual adsorbed deuterium atoms by STM, we were able to detect changes in the electronic structure of the graphene upon deuterium adsorption by STS. density of states and a shift to negative energy. This suggests that with negative Vh, more deuterium adsorbed on graphene compared to the cases with zero or positive Vh, and adsorbed deuterium induced a band gap and a n-type doping. This is consistent with the electric transport measurements.
FIG. 5. (Color online) (a) Averaged STS dI/dV spectra from graphene before (black) and after atomic deuterium exposure with (green) Vh = 0 V, (red) +30 V, and (blue) -30 V. Note the linear y-scale. (b) dI/dV spectra on a logarithmic scale. The blue dashed line is the average noise floor of the curve for Vh = -30 V. The blue dash-dotted lines are linear fits to the band edges. The band onsets are indicated by the blue vertical bars.
We estimated the value of the band gap following a procedure reported earlier. 37 In short, the logarithm of each spectrum was taken and its average noise floor and standard deviation were determined. EVB and ECB were defined as the energies at which the conduction band and valence band edges, respectively, approach the standard deviation of the average noise floor. Linear fits were made to the spectrum for energies between EVB and EVB -0. For the hydrogenation experiments, the samples were exposed to deuterium, which induces a band gap in graphene similar to that by H adsorption. Consequently, it was suggested that the isotope effect on the band structure of graphene is weak. 38 Using the above relationship, the deuterium coverage was estimated to be (0. On the other hand, the VCNP shift by the atomic deuterium exposure for this particular sample was -14 V. This corresponds to a variation in electron density by 1.0 × 10 12 cm -2 , considering the gate dielectric of SiO2 with a width of 300 nm. From the deuterium coverage and the electron density, the electron transfer per adsorbed deuterium atom can be estimated to be 0.066 ±0.02 e. This is close to the value calculated by DFT, (0.06 e), 33 and supports our conclusion that the CNP shift and the band gap opening were induced by deuterium adsorption.
Simulations
In order to gain insight in the doping dependence of hydrogen adsorption on graphene, we carried out first principles simulations on both p-type and n-type doped graphene in the range  6.8  10 12 cm -2 , with respect to the neutral case. For each doping level we first optimized the atomic positions of the graphene layer (without H). In the absence of H, doping hardly modifies the original flat atomic structure of graphene. Furthermore, it does not break the Dirac cone degeneracy at the K point, but rather it imparts a rigid shift of the Fermi level in the valence (p-type) or conduction band (n-type). Then, starting from the relaxed positions of doped graphene, we included one H atom in the cell and optimized the interface. We obtain that H approaches the graphene layer and binds to a carbon atom (labeled C1) in atop configuration ( Fig. 6(a) ). H adsorption induces an out-of-plane displacement (z) of the C1 atom, which changes from pristine sp 2 to sp 3 configuration, in agreement with previous theoretical results. 40 While for all doping levels the final C-H distance is d(C-H) = 1.123 Å, the out-of-plane distortion of C1 increases almost linearly with the charge density (Fig. 6(c) ).
FIG. 6. Top and side view of (a) one and (b) two H atoms on graphene. (c) Out-of-plane displacement of Carbon atoms involved in C-H bonding, and (d) adsorption energy per hydrogen atom as a function of charge density in graphene. Dashed vertical line marks CNP, negative (positive) values correspond to n-type (p-type) doping, respectively.
The adsorption energy (EH) of H on graphene varies as a function of graphene doping, as shown in Fig. 6(d) . In particular, EH increases in absolute value as the amount of free charge (both electrons and holes) is increased, while for a fixed absolute value of free charge, the absolute value of EH is systematically higher for p-type doping than for n-type doping. EH has a maximum for the neutral configuration (lowest stability). In this case, the Fermi level is at the Dirac point (i.e. minimum density of states), and very few states are available for interacting with the incoming H states. Increasing doping in absolute value, the number of states at the Fermi level increases, which results in a higher coupling with the H and stabilizes the system.
On the other hand, the asymmetry in the EH curve between p-and n-type doping can be ascribed to a not-trivial charge redistribution around the adsorption site, which differs with the charge density of the host. EH includes both a contribution associated to the formation of the C-H bond and a contribution due to the charge redistribution associated to the graphene distortion. Since the C-H distance results to be constant, the former contribution can be assumed to be the same for all configurations. Thus, the differences in EH are mostly attributed to the indirect effect that doping has on structural distortions, which break the ideal D6h symmetry of graphene, making the two carbon sublattices inequivalent and opening a bandgap. 2 We can conclude that H adsorbed as a monomer causes a structural distortion of graphene, whose amount and stability is modulated by doping, through a modification of the bonding/antibonding character of graphene states interacting with hydrogen. 10 These results are in qualitative agreement with previous theoretical calculations which reported that with p-type doping of graphene the adsorption energy of hydrogen increases, and consequently the activation energy for desorption of hydrogen increases. 10, 11, 12 However, in previous calculations 10 the C-H distances were reported to change with doping, in contrast to our simulations. Nevertheless, two aspects have to be taken into account in this comparison:
first, in those calculations the smallest charge density used was 2. Increasing coverage, adsorbed hydrogen atoms were typically observed as dimers or larger clusters in STM at room temperature. 3 This is because hydrogen monomers mostly desorb within minutes at room temperature, while hydrogen dimers are stable due to their higher adsorption energy. 41, 42 We considered therefore the adsorption of a second H atom in the simulation cell. For each doping level, we started from the relaxed configurations described above (i.e. the distorted ones with the H monomers), and we added a second H atom, in three possible initial positions with respect to C1, labelled a, b, and c in Fig. 6(a) . When H atoms are far away (a), they do not interact and simply replicate the monomer configuration described above. On the contrary, when H atoms are very close together (b), they form a H2 molecule that desorbs from graphene, a process which restores the initial flat configuration. This process is energetically not favored, and the adsorption energy is almost zero (-4 meV). Finally, if a second H is adsorbed relatively close to C1 (c), it binds to the surface forming two interacting C-H dimers. Albeit the initial H is in a meta-position, after geometry optimization, H has diffused to a para-position for all considered doping levels ( Fig. 6(b) ). As for the monomer, also the carbon atom below the second H (labeled C2 in Fig. 6 ) displaces out of plane in a sp
Discussion
We now discuss our results underlining the complementarity of the adopted approaches. Fig. 6 showed that p-type doping decreases EH of hydrogen monomers (increases |EH|). This increases the residence time of hydrogen monomers on p-type graphene, which in turn increases the probability to form hydrogen dimers, for example with other hydrogen atoms directly impinging from the gaseous phase.
Besides, we consider also the case of diffusion of a monomer on the surface until it hits another monomer and forms a dimer. Previous theoretical calculations have reported that with p-type doping of graphene, the activation energy for diffusion decreases. 10 Furthermore, based on this report, another theoretical simulation has shown that with p-type doping of graphene, hydrogen monomers diffuse and form hydrogen dimers at room temperature, rather than to desorb. 43 On the other hand, n-type doping increases the activation energy for diffusion, 10 so that the activation energy for diffusion of hydrogen monomers becomes comparable to or larger than that for desorption, and therefore, on neutral or n-type graphene, hydrogen monomers will not diffuse to form hydrogen dimers, but rather desorb. 44 Combining the above two effects derived from the theoretical calculations, we can conclude On the other hand, not all hydrogen monomers adsorbed on neutral or n-doped graphene are converted to dimers. This results in a loss of hydrogen via desorption and leads to a smaller hydrogen sticking coefficient, as experimentally observed.
For our experiments, the samples were exposed to deuterium. It is well known that H with its lower mass desorbs and diffuses on graphene more easily than D, due to the difference of their zero point energies. 34, 44, 45, 46 According to a previous theoretical calculation, 10 The clear dependence of hydrogen adsorption energy on doping implies that external perturbations, such as gate voltage, which change the charge density of graphene, can be used to tune the stability of adsorbed hydrogen on graphene.
Summary
In summary, we demonstrated the possibility to tune hydrogen adsorption on graphene by applying a gate voltage. 
